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A SAFEGUARDS INSTRUMENT TO MONITOR SPENT REACTOR FUEL

Nicholas Nicholson, Ed-:ard J. Dowdy (Los Alamos National Laboratory)
David M. Holt, Charles Stump (EGAG/LAO)

SUMMAR ¢

A hand-held instrument for monitoring irradiated
nuclear fuel inventories located in water-filled stor-
age ponds has been developed, This instrument provi-
des sufficient precise qualitative and quantitative
information to be usefui as a confirmatory te-hnique
to International Atomic Energy Agency inspectors, and
is believed to be ot potential use to nuc’ear fuel
managers and to operators of spen*-fuel storage facil-
ities, both at reactor and away-from-reactor, and to
operators of nuclear fuel reprocessing plants.

Because the Cerenkov radiation gluw can barely
be seen by the unaided eye under darkened conditions,
a nicht vision device is incorporated tn aid the oper-
ator in locating the fuel assembly to be measured.
Beam splitting optics placed in front of the image
intensifier and a preset aperture select a predeter-
nined portion of the observed scene for neasurement of
he 1ight intensity using a photomultiplier {(PM) tube
«nd digital readout. The FPM tube gain 15 adjusted by
use of an internd) optical reference source, providing
1 g term repeatability and instrument-to-‘nstrument
ciens.stency. Interchangeable lanses accormodate vari-
OuY viewing and measuring conditions,

INTRODUCT 10N

An instrument has been designed, buf!t, and
test'd for momitoring irradiated nuclear fuel assem-
bliet located in a water-filled storage pond. This
fnstrument megsures the intensity of the Cerenkov
radia ton emitred from the tission products 1n the
nucle.r fuel, This fntensity 15 tnen compared wits,
the intensity expected for a nuclear fucel assembl s
having @& corresponding degree of exposure and cooling
time avter removal trom a redactor core, for an assem-
bly having coulan. channels, the Terenkav 11ght inten-
sity mersurenent Vs taken over an area of the assembly
contain ny a number of bright spots —orresponding to
the ass(nhly coolant channels, These coalant chasnels
act as Cerenkov light (hannels and serve to reduce the
Cross-ta'k anonqg adjacent as<emhlies,

The instrument s composed of two basic compo-

nents,.  The image aplifying portion s commonly known
as a nigh. vision device and will be referred to here-
'n ay & Cerenkov Viewing Device (CVD), An

electro-optical package that retlects part of the
fncoming Cerenkov 1ight, with g bean splitter, through
an aperture ana a field lens s added to tnts (YD,
The Cerenktv 11ght 1y then reflected by a mirror onto
a PM tube that responds in a well-known manner to the
intensity of the ltght. The PM tube outpul-current
measuring clrcuit provides a digital readout 1ndica-
tion of the intensity of the incomniny 11gnt.

A detetled description of the instrument, its
p. ential applicationy, appropriate backyround and
theary, and a sumiary of previous measurements made of
the Cerenkov light emitted by tirradiated fuel are
gliven in this report,

BACKGROUND

A large fraction of the special nuclear materia’
(SNM) inventory in the nuclear fuel cycle, both domes-
tic and international, is contained in irradiated fuel

assemblies in the form of plutonium and unburned 235U.
Because of the implications of nuclear proliferatior
in the international arena, and the potential for
diversion domestically, the safequaruing of this
material has become a subject of great interest.
Techniques and 1instrumentation that allow for the
canfirmation of declared 1rradiated fue! inventories
in storage ponds at both reactor and away-from-reactor
(AFR) 1installations have resulted in a number of
studies that adcdress this problem. Under the U.S.
program for technical assistance to international
safeguards, the Detection and Verification group (Q-2)

at the Los Alamos National Laboratory has evaluated
eight possible attribute measurement techniques that
would provide contirmation of irradiated fuel. The
criteria used for selecting pramising techniques 1n-
cluded ease of implementing the technique, single
interpretation of tne measurement data, and nminiral
impact on the facility operators' rcutine schedule.
Adherence to ihese criterva precludes any movenent of
fuel assenblies. In addr1tion, simple interpretation
of the measurement dJata eliminatey the sampling of
nuclesr radiation rields above the assemblies because
interprctation of this cdata would require complex
unfolding algorithms,

Of the eight techniqgues ecvaluated, the most
promising technique tnat satisfies the (riterig s the
Cerenkov glow 1ntensity measurement techniqgue. It s
the only technmioue 1nvestiqated that does not require
disturbence of the storage ponds yet provides quant!.
tative, as well as qualitaetive, ynforuation tor con-
firmation of the attributes of rradisted fue, be-
cause water has a very small attentuation coefficient
for visible and near-ultraviolet light, the ieasure-
merts can be made from the storage pond  surface,
thereby allowing them to Le made with all instrumenta-
tion totally vut of the water. tor the slandard ver-
tizal assembly storage, the penetrations in the upper
mechanical structure of the assembly, ', ,for example
in a pressurized water reactor (PWi) assembly, andg the
fnterstices between fuel pins, as in boiling waler
reactor  (WK) assemblies, serve as (Cerenkov  1aght
channels and allow the sampling of the nuclear rad a-
tion Intensity to be much deeper than the top of the
fuel assenmbly. This measurenant 13 alsn much less
susceptible to cross talk among ad)icent assemblics
than are nucledr radiation fntensity measurements male
at the tops of the assemblies.

TNCORY

Cerenkov radiation {s produced whenever a charg-
ed particle passes through a medium at a velocity
greater than the phase velocity of light {n that
medium. In water, for exsmple, any electrons with
energies greater than 0.26 MeV kinetic energy will



produce Cerenkov radiation. In the case of spent
fuel, the origins of these energetic electrons include
Compton electrons produced by gamma radiation, beta
rays that escape directly into the water, and che
interactions of high-energy neutron captu:e gamma rays
that produce electrons from Compton scattering and
pair production. All of these sources of high-energy
electrons are produced from the decay of fission pro-
ducts. It was expected, and later experimentally

p

shown to be true, that the intensity of Cerenkov
light generated by the irradiates fuel is proportional
to the radiation field intensity in the vicinity of
the {irradiated fuel. This field intensity is propor-
tional to the burnup of the fuel and inversely propor-
tional to the cooling time.

The number of Cerenkov photons generated by
gamma rays of any energy passing through water Fhas

been calculated in earlier reports. 2 The results of
these calculations have been verified experimentally,
The theoretical basis for the Cerenkov technique has
been described in some detail 1in the earlier refer-
enced reports and will not be repeated here. HWe have
calculated the Cerenkov light intensity as a function
of expnsure and cooling time. These celculations were
used as the basis of comparison of the experimental
data cbtained at vaiious facilities.

INSTRUMENT DESIGN

The spent fuel monitor instrument consists of
two major assemblies: The Cerenkov Viewing Device
(cvD), and The Cerenkcv Measuring Levice (CMD). The
CMD is attached to the CVD between the lens and image
intensifier and contains beam splitting optics to
allow both viewing and measuring the target.

CERENKOV VIEWING DEVICE

This device is a Varo Noctron ¥V night vision
device with a 3 in. biocular viewer, tor viewing the
scene with both eyes, and an assortment of Olympus "T"
mount 35-nm lenses. The Noctron V uses a Gen i1 25-mm
image intensifier with automatic brightness control,
It is self-contained, with batteries in the hendle,
and h:, a "jow-battery" test feature.

The biocular viewer can be easily removed and
replaced with an monocular eyepiece or an adaptaer for
& 35 mn camera, A spectal film qraticule has been
made and placed between the biocular viewer and the
image intensifier showing the tarqget areas corres-
ponding to the different aperiure sizes. This allows
the operator to see ;he area of measurements.

Figure 1 sliows the Noctron V before attaching
the CMD electronics and optics.

CERENKOV MEASUKING DEVICE

This electronics and optics package is made to
attach to the Noctron V tu form the completed instru-
ment.  All the beam splitting gpotics are contained and
pre-aligned in this device such that no special mody-
fications are required to the Noctron optics,  The
only mocdification {s the addition a switch to the
handle ot the Noctron to allow the aperator to
“frecre" the reading on the display. Flgure ? shows
the assenbled instrument.

A block diagram of the spent fuel monitor is
shown 1in Figure 3. The beam splitting cube divides
the incoming light between the image intersifier and
the measuring device. Various apertures are provided
to allow the operator to choose the area of the scene
he wants to measure.

The heart of the measurina device i1s the photo-
multiplier (PMT) circuit, amplifier, and A/D converter
display. The PMT is a 12-stage device operated from a
1200-v dc-¢c converter. The 1200-V supply is adjust-
able by the operator and controls the gain of the PMT,
The PMT output is dc coupled to a low-noise opera-
tional amplifier with a 0.5-s integration time. The
op - amp output is scaled to between 0 - 2 V, ard is
digitized and displayed by a Texmate PM-45X aigital
panel meter with a liquid crystal display (LCD}. The
LCO was chosen for its low power consumption, but has
a drawback in that 1t requires illumination to be read
in the dark. This w-s resolved by using an
electro-luminescent pane installed directly behind
the LCD arnd powered by a dc-ac converter.

The dynamic range of the PMT/amrplifier is about
3 neutral-density (ND) filter ranges, with a resulting
output of 0-1.5 Vv, A circuit is used to detect a
level of 1.6 V and 1light a lamp to indicate on
“overrange", or too .right an input scene. Provision
1s made to allow insertion of a ND filter in the PMT
optical path to reduce the light level. A switch on
the instrument 1is then set to the ND numcer, wrkich
changes the decimal setting on the display. Thie
allows the instrument to yield the semé number on the
display for a giver light level, regardless of ND
filter used.

Calibration of the instrument 1s done by usina a
carbon-14/phosphor light source built into a specia
lens cap. A& dark slide is inserted in the optical
oath and the “dark current" of the PMT is adjusted to
read zero on the display. The dark slide is renoved
and the light source installed on the lens, The PNT
gain 1s adjusted to a predctermired number on the
display. This number corresponds to a calibration
factor determined for the light source, providing for
instrument-to-instrument repeatability. Calibrating
the instrument with an external 1light source was
chosen to allow the entire system, Including lens, to
be included in the caly' ration,

A shoulder pack 12-V bhattery way selected to
power the instrument, This battery powors the unit
for many ho.urs. It also can be recharqged from an
autoriobile ¢ gc.-ette lighter, providing field recharqe
capability.

The mechanical package was desianed to be
rugged, small, and easy to adap! to the Noctroa ¢VD
with & minitmum of ninditfication. The instrument s the
first version, and s consvidered a “"fieldable bhread-
board" for use by the Los Alamos Nattional Laborstory,
EGAG, and the [AEA to evaluate 1ts effectivencss and
features,

The mechanical packane was destg.ed to he
rugged, small, and euSy ‘¢ adapt to the Noctron (VD
with a mtnimum of modification. The instrument fs the
first version, and s considered a "fieldable breod-
board" for use by the Los Avamos National Laboratory,
LGAG, and the JALA to evaluate its effectliveness and
features.
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SUMMARY OF EXPERIMENTAL PROCEDURES AND EQUIPMENT

The Cerenkov light generated by materials test-
ing reactor (MTR), PWR, and BWR fuel is highly col-
limated when viewed along the axis of the assembly.
This is the rormal view for light water reactor irrad-
iated fuel because this fuel is stored vertically and
viewed from above the pond from a bridge that spans
the storage pond. The highly collimated nature cf the
light requires; that the instrument used to measure the
Cerenkov glov have its optical axis positioned along
the axis of the asseably to view the maximum )ight
intensity emitted by the assembly.

Experimental data have been obtained at the Los
Alamos Nattonal Lab's Omega West Reactor (OWR) (an
M), at the Zion nuclear station (with two PWRs), at
the Morris irradiated fuel storage facility, (which
contains both BWR and PWR fuels), and at the irradia-
ted CANDU' fuel storage bay at the NRX facility at the
Chalk River National Laboratory. The measurement
techniques at these installations varied andg included
the use of a silicon intensified target (SIT) video
camera at the Llos Alamos MTR reactur and the Zion
nuclear station; & Pritchard photometer coupled by a
transfer lens to an RCA 1517 video camera; a Javelin
model 226 CYD cecupled to a 35-mm camera to record the
image on film at the General flectric Morris facility;
and the Javelin model 226 CVD was also used at the
Chalk River facility. The data cbtained using video
equipment were analyzed using a video editor. A
single frame of video information could be frozen,
allowing an associated electrometer to nmneasure the
intensity of a single pixel element out of a 512 x 512
matrix of pixels that forms the video imaqe.

These data all confirm that the intensity of
Cerenkov light generated by irradiated fuel assemblies
is proportional to the burnun and inversely pro-
portional to the cooling time of the assembly.

APPLICATICK OF ThE CERENKOV TECHNIQUE TO AFR'S

it 1s anticipated that the [ALA inspectors will
be using the (erenkov glow iMaging and measuring tech-
nique for verifying the inventories of irradiated tuel
at reactor and AR facilities throughout the world,
Furthermore, the techn,que will most likely be adopted
in a gradual fashion as more 1nspectors become famili-
ar with its use and the simplicity and speed that the
technique and the finstrument ofter, At present, the
inspectors routinely reod only the werral numbers from
the assemblies. Adartional non  destructive  assay
(NDA) measurements can be mede, but these are miftr-
cult and time consuming, The (erenkdy technique pro-
vides the inspectors with an atiribule measuyrement
capability that 1s rapid, easy teo perform, and some-
what difficult to spoof.

The Cerenkov glow technique wrll also be useful
to the facility operator by providing him with o raptd
means of vertfying incoming and outuoing shipments of

frradiatea fuel and in inventory control of the 1r-
radiated fuel in & sturage pond. Another teatyre of
this technigur that the facility operator will tind
useful ‘< the ability to obtain a rapyd intensity
profile masurement of the irradfated fuel fn his
tnventory. The protile of the cadratton intensiiy wof
an frradiited fuel assembly will provide a qood es-
timate ot the untformity of the burpup which will
result in a better estimate of the fissale content of
each assembly in storage.
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